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(54) Abstract Title 

Control for high speed cutting tool 

(57) A computer-implemented method and system for controlling a cutting tool of a high speed cutting 
machine for machining selected portions of a workpiece. The workpiece is imaginarily divided into horizontal 
slices. The horizontal slice is a unit for the cutting tool 305 to remove material from the workpiece at a time. 
One of the horizontal slices of the workpiece is selected. The boundary of the slice 301 is determined and 
subsequent boundaries 31 1 are determined by assuming material removal from the slice by a cutting depth of _ 
the cutting tool buried in the workpiece from the previous boundary. A tool path 307 is ge nerated based on, tfre> 
bojjndaries.ofLth.e_ selected jyrtions of the slice tha^are-.to, be ^emoye^ a ^^ he cuttmo^ f\ 
iir^jxg^nrj^ the radius r of the cutting t tool fang a P r gg^Jg[^ J 

^uttlrj^o^j^ The selecteS poTtionTar^^ alongsaid 

generated tool path. The method and system provides an effective tool path for controlling a cutting machine 
under a constant rate of material removal in a high speed cutting machine in order to get away with the 
extreme cutting forces. The tool path also allows to better transfer the heat generated between the cutting tool 
and the workpiece through the chip. The method and system can be applied to any geometry of final shape of 
a workpiece. 
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2363208 

CONTROL FOR HIGH SPEED CUTTING TOOL 

The present invention relates generally to controlling movement of a cutting tool 
in. a high speed cutting machine and more particulatly to a method and system for 
providing a tool path for the cutting tool of the high speed cutting machine. 

The recent advent of high speed cutting machines has opened up die possibility 
of machining a workpiece at a much faster rate than conventional machines allow. 
Because modern high speed cutting machines are capable of providing spinning rates 
upward of 40,000 rpm, even a small change of tool load on a cutting tool may damag 
the cutting tool or workpiece. In particular, in absence of sufficient dissipation of heat 
generated through the contact offthfe cutting tool with the workpiece, damage to the 
cutting tool (such as melting of the tool) or the workpiece is likely. 

Many users of bigh speed cutting machines employ Computer Aided 
Manufacturing (CAM) systems for controlling the machines. Such CAM systems 
operate the cutting machines at much lower spinning rates than the capability of the 
machines, because conventional CAM systems are not suitable for ensuring the 
conditions for safe operation of the machines (such as constant tool load and efficient 
heat dissipation). As a result, the machines may not be operated at their full potential. 
Although some CAM systems provide limited support for roughing the workpiece, this 
limited support works only in connection with very few workpiece. These conventional 
roughing capabilities are of little use as the geometries of the workpiece become more 
complex. 

The present invention provides a method and system for controlling movement 
of a cutting tool of a high speed cutting machine. More particularly, the present 
invention provides a tool path for the cutting tool spinning at a bigh rate with rninirnal 
risk of damage to the cutting tool and/or a workpiece. To avoid damaging the cutting 
tool and/or a workpiece, the present invention ensures that a constant tool load is 
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maintained for the cutting tool as the tool travels along the cutting path. In addition, a 
;. / constant removal rate of material from a workpiece is maintained so that extreme cutting 

forces are prevented from harming the cutting tool. 

■ \ ■ ■ *.■ • * . . • » 

.Another feature of the present invention is to provide a method and system for : 

■I ~ controlling a cutting tool of a high speed cutting machine that leads to an efficient „ 

dissipation of heat generated through contact of the cutting tool with the workpiece. To 

achieve an efficient heat dissipation, the present invention provides a tool path along 

which the cutting tool travels to remove material from the workpiece with a constant 

chip size so as to enhance the transfer of the heat to chip. 

In accordance with one aspect of the present invention, a computer-implemented 

method for machining selected portions of a workpiece by a cutting tool of a high speed 

cutting machine is provided. The workpiece is imaginarily divided into horizontal slices. 

The horizontal slice is a unit far the cutting tool to remove material from the workpiece 

at a time. One of the horizontal slices of the workpiece is selected. The boundary of the 

slice is determined and subsequent boundaries are determined by assuming material 

removal from the slice by a cutting depth of the cutting tool buried in the workpiec 

from the previous boundary. A tool path is generated based on the boundaries of the 

selected portions of the slice and the cutting tool path is positioned in the air from th 

Hmmdaries depending on the radius of the cutting tool^da ^redctcrmined vakte-of the 

^ cutting depth of the cutting tool. The selected portions are machined by moving the 

"\ cutting tool along said generated tool path. 

In accordance with another aspect of the present invention, a controller for^x 

controlling a cutting tool of a high speed cutting machine is provided. The controller S 

includes a memory element and a processor. The memory element stores instructi ns for 

controlling the cutting tool and data regarding the workpiece for controlling the cutting 

tool. The processor executes the instructions stored in the memory element for ^ 

controlling signals for a tool path of the cutting tool. The processor generates data for 

horizontal slice of the workpiece using the data regarding the workpiece stored in the ■ ■< 

memory. The processor examines the data for a slice of the workpiece to determine an 

initial boundary of the selected portion of the slice. The processor generates subsequent 

boundary data of the selected portions of the slice based on the initial boundary data. 

The subsequent boundary data may be determined by subtracting the cutting depth of the 


•J- . . ■ . 

cuntog to l buriedm^ processor 
generates signals for a tool path, v4iere the tool i»th is jx>sition 

the boundaries depending on the radius of the cutting tool and a predetermined value of. 
the cutting depth of the cutting tool. y 

provide an accurate, efficient and robust tool path along which the cutting tool machines 
the workpiece under a constant tool load and a constant chip size. Furthermore, the 
present invention provides a cutting method and system for controlling a cutting tool 
that are applicable to any geometry of a final product, regardless of the complexity of 
geometry in a workpiece. The cirtting memod and system of tte present mver^^ 
applicable even to a workpiece with no boumuuy that is open to the air a^ 
geometry of a workpiece, regardless of the number and location of areas of the 
workpiece that are not to be removed 


The invention is described further hereinafter by way of example only, with 
reference to the accompanying drawings, in which:- 

FIGURE 1 is a block diagram of a computerized system in which the illustrative 
embodiment of present invention may be implemented. 

FIGURE 2 is an example of a display that shows an option for a user to input 
data for a workpiece into the computerized system. 

FIGURE 3 is a top view of a workpiece and a cutting tool that illustrates the 
relationship between the workpiece and me cutting tool when me cutting tool is engaged 
in the workpiece to remove portions of the workpiece. 

FIGURE 4 is a flow chart that illustrates the steps for providing a tool path for a 
cutting tool to machine a workpiece in the illustrative embodiment of the present 
invention. 

FIGURE 5 is a flow chart that shows steps performed to generate tool paths for a 
cutting tool based on the boundary of a workpiece in FIGURE 4 

FIGURE 6A is a flow chart that shows steps performed to connect tool paths for 
a cutting tool t complete the cutting "tool path of the cutting tool in FIGURE 4. 
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FIGURES 6B-6D are top views of a workpiece with a cutting tool that illustrate 
connecting paths of a cutting tool described in FIGURE 6A. 

FIGURE 7 is a flow chart that shows steps performed to machine a workpiece 
along tool paths for a cutting tool in FIGURE 4. 

FIGURES 8A-8H are top views of a workpiece with a cutting tool that illustrate 
details of cutting a workpiece with an island that is not to be removed. 

FIGURES 9A-9G are top views of a workpiece with a cutting tool that illustrate 
details of cutting a workpiece with no boundary for the cutting tool to access the 
workpiece. 

FIGURES 10A-10C are examples of graphs that show the effect of the 
iUustrative embodiment of the present invention relative to the conventional method and 
system. 

.' •- ' V / ' . . 

The iUustrative embodiment of the present mvenuon concerns a computerized 
method and system that provide for the control of a cutting tool in a high speed cutting 
machine. In particular, me illustrative embodiment generates a tool path for a cutting 
tool to machine a workpiece based on the boundary of the workpiece that is open to the 
air. The cutting tool of the cutting machine approaches the boundary of the workpiece 
from the air and machines the workpiece traveling along the tool path generated by the 
computerized control system. When the workpiece does not have any boundary that is 
open to the air for the cutting tool to approach the workpiece, the cutting tool moves 
down to the workpiece to make an open area with an initial boundary that is open to the 


air. 


The computerized control of the illustrative embodiment of the present invention 
provides a tool path for the cutting tool along which the cutting tool is continuously 
engaged in a workpiece. The cutting tool stays in the workpiece in the cases when a tool 
path is closed. The closed tool path is provided if a tool path terminates where it started. 
The cutting tool moves from the closed tool path to a next tool path while engaged in the 
workpiece. 

The iUustrative embodiment also provides a method and system for controlling a 
cutting tool to reduce repositioning motions so as to minimize the time when the cutting 


tool is retracted from the workpiece. In the cas when a retraction of a cutting tool is 
necessaiy, the cutting tool moves up offthe workpiece and then down to the workpiece. 
The cutting tool moves to next tool path without retraction when the tool path does not 
cause collision with an obstacle. If a collision is likely to happen, the cutting tool m ves 
up to a height of clearance level above the top of the workpiece or to a nunimum safest 
height 

The illustraUve embodiment of the present mventionjrovides a tool path for a 
cuttmgtooltoim 

paths, the cutting tool moves to the next tool path using an "S" motion to reduce 
directional changes. In approaching and exiting tool paths, me cutting tool moves using 
a helical spline motion to nunimize directional changes. In rationing, the cutting tool 

moves oflf me surface usmg a sm«>m tehcd 

next cut using a smooth helical spline motion as well. 

In adm'tion, me Ulustrative ^bod^ent 
pathforacutt^ 

me cuttmg tool m a constant cutting coi^^ 

path in a climb cutting condition. This constant cutting condition prevents any changes 

acting on the cutting tool which causes the cutting tool to break. 

As a result, the illustrative embodiment of the I>resent mvention can implement a 
real time and computerized ratting method and system for controlling a cartting tool in a 
high speed cutting machine. The computerized cuttm^ 
effective tool pam for cont^ 
removal m a mgh speed cutting nw^ 

forces. The tool path also facilitates better transfer of heat to chip removed by me 
cutting tool. The iUustrative embodiment of the present invention provides a tool path 
for a cutting tool that is applicable to any geometry of the workpiece: 

FIGURE 1 is a block diagram that illustrates an exemplary configuration of a 
computerized system that is suitable for practicing an iUustrative embodiment of the 
present invention. The iUustrative embodiment of the present invention is based On a 
computer aided manufacturing (CAM) system, which contains information concerning 
product that is to be manufactured by the system 100. The computerized system 100 of 
the Ulustrative embodiment of the present invention includes a processor 101, a memory 


device 103, input devices 105 and 107, an display device 109, and a high speed cutting 
machine 111. The high speed cutting machine 1 1 1 includes a cutting tool 1 1 3 for cutting 
a selected portion of a workpiece 1 1 5. The processor 1 01 controls the entire operati n f 
the system 100 based on instructions stored in the memory device 103. Those of skill in 
the art will appreciate that the system 100 can be implemented on a tightly coupled 
system or a distributed system. Those of skill in the art will also appreciate that the 
processor 101 can be in a workstation integrated into the high speed cutting machin 
111 or remotely located relative to the cutting machine 111. The memory device 
includes a main memory device 1 02, for example a random access memory (RAM), 
which stores program codes of instructions used to operate the system 1 00, and a 
secondary memory device 1 04, for example a hard disk memory, which stores program 
data used to operate the cutting system. The second memory device 104 also contains 
data for product to be manufactured and data for a workpiece. The system lOO may be 
work in conjunction with a Computer Aided Design (CAD) system such as 
Pro/ENGINEER™ and the data for a product to be manufactured may be transferred 
from the CAD system to the secondary memory 104. The input device including a 
keyboard 105 and a pointer 107 may be used for entering data for the workpiece and 
other command information for cutting the workpiece. The display device ] 09 including 
a CRT display or LCD display shows the user interface for inputting command and data 
and outputting the manufacturing status of the workpiece. 

FIGURE 2 is an example of a display that shows a user interface. The user 
interface displays resultant shape of a target product The user interface also enables the 
user to enter data for a workpiece, such as shape and size of the workpiece. The user 
may input data for the shape of the workpiece, such as a billet or a bar, in a setup secti n 
210 of the display. The user may also input the size of the workpiece including a length, 
a width and a thickness of the workpiece in a size section 203 of the display. The input 
data for the workpiece is stored in the memory device 1 03 and used for generating a tool 
path of a cutting tool to machine the workpiece in the illustrative embodiment of the 
present invention. 

FIGURE 3 is a top view of a workpiece and a cutting tool that illustrates the 
relationship between the workpiece and the cutting tool to define terms used in the 
description of the illustrative embodiment of the present invention. The workpiece is 


imaginarily divided into horizontal "slices" for the cutting tool 305 t rough out the 
workpiece in the illustrative embodiment of the present invention. The depth of a slice i 
determined by some factors, such as capabilities of the cutting tool and the material of 
the workpiece. A user may also define the depth of the slice as a specified constant 
value. When the cutting tool machines the slice, the cutting tool may touch the adjacent 
slice depending on the geometrical situation, but may hot gouge the adjacent slice. 

Each slice of the workpiece may include "a selected portion" to be cut out. Each 
slice of the workpiece may also include non-selected portion 303 that is not to be cut 
out The non-selected portion 303 is called as "an island." Each slice of the workpiece 
may also include "boundaries" 301 and 3 1 1 that are open to the air for the cutting tool to 
approach the slice from the air. The initial boundary 301 of the slice enables the cutting 
tool to touch the workpiece from the air for the fist time. 

The illustrative embodiment of the present invention employs a cutting tool 305 
with a radius r. The cutting tool 305 Removes material from the workpiece by a ^step- 
over** value s based on a horizontal slice of the workpiece. The step-over value s is a 
length of the cutting tool that is buried into the work material. The step-over value 
depends on the material of the workpiece and machine capabilities. The step-over value 
may also be defined as a specified constant value by a user. 

A tool path is defined as the contour of the cutting tool center. If a tool path 307 
is determined based on the initial boundary 301, the cutting tool 305 travels along the 
tool path 307 to cut the selected portion of the slice. If the cutting tool 305 cut the 
workpiece by a step-over value s that is less than the radius r of the cutting tool, the tool 
path 307 is located apart from the initial boundary 301 of the workpiece to the air by a 
value r-s as shown in FIGURE 3. Assuming that the cutting tool 305 machines the 
workpiece along the tool path 307, the subsequent boundary 311 of the slice is generated 
inside of the initial boundary 301 of the slice. The subsequent tool path 309 may be 
determined based on the subsequent boundary 311. 

FIGURE 4 is a flow chart that shows steps performed in the illustrative 
embodiment of present invention. In the chart, a workpiece is horizontally divided into 
imaginary slices depending on the predetermined depth (step 401). A cutting tool in a 
high speed cutting machine operates based on a horizontal slice of the workpiec . The 
cutting tool removes material from the workpiece by at most a step-over value from the 


boundary of the slice, which keeps tool load under a maximum limit. The cutting tool is 
buried in the slice horizontally by a step-over value and vertically by the depth of a slice. 
This enables the tool load to be kept constant because the tool load is determined by 
cross-sectional depth of the cutting tool that is buried into the workpiece as it cuts the 
workpiece forward. 

~ Selected portions of the slice are machined by the cutting tool from the boundary 
of the slice. The tool path of the slice is generated based on the boundary of the non- 
machined area of a slice. The tool path for the cutting tool is generated by offsetting 
towards the air the boundary of the non-machined area of a workpiece by a tool radius 
value minus the step-over value (step 403). The generated tool paths are stored in the 
memory device 102 of the system 100. Where no initial boundary that is open to the air 
can be found, an additional step is required to open up an area with a boundary that is 
open to the air. This is described below in more detail. 

Once a tool path is determined, next tool path is generated based on a new 
boundary of the workpiece created by removing material from the slice by a step-ov r 
value. This process is iterated until all selected portions of the slice are removed. 

The tool paths generated based on the boundaries are ordered to minimize 
connection distance of entire topi paths (step 405). The illustrative embodiment of the 
present invention employs some sensible ordering algorithm to determine a final order 
of tool paths to minimize the overall connection lengths. 

The ordered tool paths are connected with consecutive tool paths to complete the 
entire tool path for the cutting tool (step 407). The illustrative embodiment of the present 
invention provides connecting paths to accomplish effective connections. The tool paths 
for a cutting tool may be a closed loop or an open loop. If consecutive tool paths are 
closed loops, the current tool path is connected to the next tool path by an "S" 
connecting path. If current tool path is an open loop, the cutting tool approaches and 
exits the tool path in a helical spline manner. The illustrative embodiment of the present 
invention also provides a path for retracting the cutting tool to a safe level when there is 
collision with an obstacle. 

Once the entire tool path is complete, the workpiece is machined by the cutting 
tool along the generated tool path (step 409). 
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FIGURE 5 is a flow chart which shows steps performed in the step of generating 
tool paths in the illustrative embodiment of the present invention depicted in FIGURE 4. 
If a slice of a workpiece is given, it is examined to determine whether there is an initial 
boundary (301 in FIGURE 3) in the slice that is open to the air for the cutting tool to 
access the selected portion of the slice (step 501). Iftbe there is an initial boundary, th 
boundary is examined to determine whether it is enough for the cutting tool to access the 
workpiece (step 503). If there is no initial boundary that is open to the air or-the initial 
boundary is too small for the cutting tool to access the workpiece, the cutting tool 
generates an inner hole for an open area with an initial boundary that is open to the air 
(step 505). The boundary of the created hole may be used as an initial boundary for 
generating a tool path. The Ulustrative embodiment of generating a hole is described 
below in more detail. 

Where the initial boundary of die slice is determined as a boundary of the slice 
for the cutting tool to access the workpiece (step 507), a tool path is generated based on 
the initial boundary (step 509). Assuming that the cutting tool has a cross-sectional view 
of a circle with radius r and the step-over vaJue is s, the tool paUi is determined by 
moving the initial boundary to the air by r-s. The comers of the tool path are additionally 
rounded. The generated tool path is stored in the memory element of the system 1 00 
Assuming that the cutting tool removes material from the selected portion of the slice by 
the step-over value s while traveling along the tool path, the subsequent boundary may 
be generated by moving the newly created tool pam to nw woricpiece by tte radius of 
the cutting tool (step 51 1). The subsequent boundaries are stored in the memory element 
102 of the system 100. 

Another example to implement the step for deterrnining a tool path and the 
subsequent boundary is to assume that the cutting tool travels along the initial boundary. 
When the cutting tool travels along me initial boundary, an area (A) is generated that is 
removed from the slice of the workpiece by the cutting tool with a radius r. The removed 
area is moved to the air by a value r-s. The outer boundary of the area (A) that is moved 
to the air corresponds to the initial tool path (step 509) and the inner boundary f th 
area (A) corresponds to the subsequent boundary (step 51 1). 
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The above step of d termirung the tool paths based on the initial boundary of th 
slice is iterated until the selected portion of the slice is removed (step 513). In iteration, 
the subsequent boundary is set to the initial boundary (step 515). 

If tool paths are generated based on boundaries of a si ice, the tool paths are 
ordered to minimize the entire travel distance of the cutting tool as described above. 
Alter determining the order of tool paths, tool paths are connected with the consecutive 
tool paths. FIGURE 6A shows detailed steps performed to connect tool paths in the 
illustrative embodiment of the present invention. If an initial tool path is given, a helical 
spline approach is set before the beginning point of the tool path (step 601). FIGURE 6B 
is a top view of a workpiece and a cutting tool that shows the helical spline approach to 
the slice of a workpiece. In a given slice 621 of a workpiece, the cutting tool 623 may 
approach the slice 621 from an initial boundary of the workpiece by a helical splin 
manner. As shown in FIGURE 6B, the helical spline approach looks like a 90 degree 
circular approach. The helical splipe approach is tangent to both the cutting direction of 
the cutting tool 623 as well as the approaching direction of the cutting tool 623 from the 
air. The end position of the helical spline approach is a position where the cutting tool 
623 is located inside the slice 621 of a workpiece by a step-over value and the cutting 
623 tool is ready to start cutting. 

If a tool path is a closed loop (step 603) and a next tool path is also a closed loop 
(step 605), the tool path is connected to the next tool path by an S connection (step 607). 
If the consecutive tool paths are closed loops, the tool paths are connected by S 
connections. FIGURE 6C is a top view of a workpiece and a cutting tool that shows an S 
connection between consecutive tool paths. A tool path 625 of a closed loop is 
connected to the next path that is also a closed loop by an S connecting motion. The S 
connecting motion enables a cutting tool 623 to be continuously engaged in the stice 621 
of a workpiece along a tool path. The S connecting motion also minimize sudden tool 
direction changes that may lead to big damages to the cutting tool and/or the workpi c 

If the tool path is an open loop (step 603), a helical spline exit motion is put after 
the end of the tool path (step 607). FIGURE 6D is a top view of a workpiece and a 
cutting tool that shows the helical spline exit motion from a tool path of the slice. The 
helical spline exit motion is similar to the helical splin approach motion but th cutting 
tool moves in the reverse direction. The helical spline exit also is tangent to both the 


cutting direction of the cutting tool as well as the exiting direction of the cutting tool to 
the air. The xit motion 1 oks like a 90 degree circular move. 

The above mentioned steps are repeated mtil all of the tool paths are connected 
wimconseciitive tool paths (step 6U).^ end 
of the current tool path to the beginning of the noct tool path by a linear motion (step 
613). The linear motion minimize the connection distances between tool paths. 

The illustrative embodiment of the present mvention connects l>etween tool paths 
without retracting the cutting tc*l. If toe tool pam causes ro^^ 

cutting tool is moved up to a height of a clearance level above the top of the workpiec 
or to the minimum safest height where there is no collision with an obstacle. The cutting 
tool keeps connecting to next tool path by linear tool motions. 

FIGURE 7 is a flow chart that shows steps performed to machine a workpiece 
along tool paths for a cutting tool in FIGURE 4. When the connection is accomplished, 
the cutting tool then machines the jtvorkpiece long the tool paths (step 701). If a cutting 
tool encounters an island, it may happen that the material to be removed along a tool 
path is less than the step-over value. If there is less material left between the boundaries 
of the slice and the island (step 703), the ciitting tool traverses along me boun^ 
island until the step-over value is reached (step 70S). The cuttmg tool continues to 
machine the workpiece along the tool path until it completes the curve. If during the 
machining of the loop, the cutting tool encounters a section of an island, the cutting tool 
then follows the boundary of the island as long as it does not exceed the amount 
material specified with the step over value. This j^cess whtmues 
completely machined. When this is accomplished the cutting tool men exits 
workpiece (the slice), using a helical spline exit motion. 

FIGURES 8A-8H show an illustrative embodiment of me present invention for 
inaclniiing a workpiece 801 including an island 803 (unselected portion of a workpiece 
not to be cut). The cutting tool 805 approaches the sliceofa worlmieceSOl inahehcal 
spline manner described above and cut the workpiece by traveling along the tool path 
807 as shown in FIGURE 8A. After traveling along the tool path 807, the cutting tool 
805 moves to a second tool path by an S connecting motion as described above. On the 
first "S" connecting motion, the cutting tool 805 completes the tool path 807 before 
making an "S" connecting motion into the next tool path 809 as shown in FIGURE 8B. 


This insures that all the material is removed from the workpiece along the tool path. For 
all subsequent S connecti ns 81 1 , the cutting tool does not completely close the tool 
path as shown in FIGURE 8C, and connects to the next tool path by using the sam rate 
of material removal. 

FIGURES 8D and 8E are examples of cutting the workpiece where the material 
to be removed along a closed loop of a tool path is less than the step-over value. In the 
example, there is less material left between the new boundary and the island than a step- 
over value. The cutting tool 80S traverses along the boundary of the island until the step* 
over value is reached. The cutting tool 805 follows the boundary of the island as long as 
it does not exceed the amount of material specified with the step over value. The cutting 
tool 805 continues to machine the workpiece along the tool path 81 3 of a closed loop 
until the cutting tool 805 completes the loop 813. When the tool path 813 is completed, 
the cutting tool 805 exits the slice of the workpiece using a helical spline exit motion. 

FIGURES 8F-8H show top jtfews of examples of cutting along open loop tool 
paths the workpiece that has an island. The cutting tool 805 use the helical spline 
approach to enter a beginning position 815 of each open loop tool path, and cuts the 
workpiece in climb machining fashion until the end position 817 of the tool path. The 
cutting tool 805 exits the workpiece 801 using the helical spline exit motions. This 
process continues until all of the workpiece is machined, following the same procedure 
described above. After finishing machining the workpiece along each tool path, the 
cutting tool exits the workpiece using the helical spline exit motions. The cutting tool 
connects in a linear motion to a beginning position of next curve where the helical spline 
approach needs to start. The connection is accomplished at a safe height. This process 
continues until no material is left on the slice. 

FIGURES 9A-9G shows examples of cutting a slice of a workpiece that has no 
boundary that is open enough for the cutting tool to access the slice. If a slice of a 
workpiece does not have an initial boundary that is open to the air, the cutting tool 
generates an area that is open to the air for the cutting tool to approach the slice. If the 
slice has an initial boundary 901 that is small for the cutting tool 90S to access the 
workpiece, the cutting tool 905 also generates an area 903 that is open for the cutting 
tool 905 to approach the slice as sh wn in FIGURE 9A. 


In order for the cutting tool to generate an area that is open to the air for the 
cutting tool 90S to approach the slice, the cutting tool 905 moves down to the. slice in a 
helical spline manner until the depth of the slice is reached. From the top view as shown 
in FIGURE 9A, the angular displacement of the helical motion is a minimum of 360 
degrees. Those of skill in the art will appreciate that the angular displacement of the 
helical motion may be more than 360 degrees if the specified ramp angle of the cutting 
tool motion requires more revolutions. The helical spline motion is tangent to the 
approaching direction of the cutting tool from the clearance position. The helical spline 
motion is tangent to the cutting direction of the cutting toot This is similar to helical 
spline approaches described above for approaching the slice of a workpiece, but the total 
angular displacement is not 90 degrees. 

Those of skill in the art will appreciate that if an open area is generated, the same 
steps described in FIGURES 4-7 are applicable to the case where no boundary that is 
open to the air can be found, because the control of the cutting tool in the illustrative 
embodiment of the present invention is applicable regardless of the complexity of th 
boundaries and the number and location of islands. 

After the cutting tool has approached the workpiece using the helical spline 
approach, the open area which the cutting tool has generated is considered as an initial 
boundary. Apparently, the generated open area forms a closed loop. The tool path is 
generated based on the boundary that is open to the air. If the next tool path also forms a 
closed loop, the cutting tool then connects to the next tool path using an S connecting 
motion as shown in FIGURE 9B. On the first S connecting motion, the cutting tool 
totally completes the first closed loop tool path before making an S connecting motion 
into the next tool path. This insure that all the material of the workpiece is removed 
along the tool path. For all subsequent S connecting motions, the cutting tool does not 
completely close the loop, and connects to the next tool path using the same rate of 
material removal. 

The process continues until all closed loop tool path are completed as shown in 
FIGURE 9C. The cutting tool exits the workpiece using a helical spline exit motion in a 
sam manner as described above. The boundary of th workpiec remained is no longer 
a closed loop. It becomes an open boundary. The cutting tool will then us the helical 
splin approach to enter each open boundary, and cuts the material in climb machining 
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fashion until the end position of th curve where the cutting tool exits the workpiece 
using the helical spline exit motions. 

This process continues until all the workpiece is machined, following the steps 
described above, regardless of the number of areas where material is left, such as in 
corners. The cutting tool pecks out all materials in these corners, always progressing 
from the open areas where material is already machined away as shown in FIGURES 
9D and 9E. After machining along an initial boundary, the remaining material is 
analyzed to determine the new subsequent boundary to be used for cutting* 

After machining along a boundary, the cutting tool exits the worl^iecx5 using th 
helical spline exit motions and die cutting tool connects in rapid to a point above the 
point where the helical spline approach needs to start. The connection happens at a safe 
height. The process continues until there is no material left, as shown in FIGURES 9F 
and9G. 

FIGURES 10A and 10B shqw examples of a tool path in the conventional 
3Ughing method and system and in the illustrative embodiment of the present invention, 
/respectively. In the conventional roughing method and system, the cutting tool 1 005 
[approaches the workpiece 1001 directly at a location designated as A as shown in 
FIGURE 1 OA- The tool paths are orthogonal at an outer corner designated as B and an 
inner comer designated as C). In the illustrative embodiment of the present invention, 
however, the cutting tool approaches the workpiece in a helical spline manner at a 
location designated as A The cutting tool goes round the corners B and C. The benefit 
of the roughing methodology provided in the illustrative embodiment of the present 
invention is to eliminate load spikes on the tools. 

FIGURE 1 0C show the comparison of tool load acting on a cutting tool in the 
illustrative embodiment of the present invention relative to a conventional roughing 
method. The load changes 1005 on the cutting tool in the convention roughing method 
and system are quite severe. T he tool load on the cutting tool goes up rapidly during t h 
approach. On an outside corner, the tool goes dmvnhecause the tool moves outside the 
material as it turns the corner On anTnside comer, the tool load goes up aga in. In the 
load changes 1009 of thelfiustrat^ presentinventi n, the load 

spikes are eliminated by analyzing the material and building the tool path based on the 
material rath r than the resultant geometry. In particular, the tool load maintains 


constant at approaching location A by a helical spline motion and at corners B and C by 
rounding motions. 

It is apparent that there has been provided, in accordant wim the present 
invention, a method and system for controlling a cutting tool to cut a workpiece in high 
speed cutting machine. While this invention has been described in conjunction with 
illustrative embodiments thereof, it is evident that many alternatives, modifications, and 
variations will be apparent to those skilled in the art For example, the present invention 
can be applied to any shape of resultant product regardless of the number and location f 
islands. 


CLAIMS : 

1 . A computer-implemented method for machining selected portions of a 
workpiece by a cutting tool of a high speed cutting machine, said method comprising 
the steps of: 

providing a horizontal slice of the selected portions of the workpiece; 
determining an initial boundary of the slice, the boundary being open to the 
air; 

generating subsequent boundaries in the selected portions of the slice, said 
subsequent boundaries being determined by removing the selected portions of the 
slice by a cutting depth of the cutting tool buried in the workpiece from the previous 
boundary; 

generating a tool path based on the boundaries of the selected portions within 
the slice, said tool path being positioned in the air from the boundaries depending on 
the radius of the cutting tool and a predetermined value of the cutting depth of the 
cutting tool; and 

machining said selected portions by moving the cutting tool along said 
generated tool path. 

2. A computer-implemented method as claimed in claim 1, wherein said 
predetermined value of the cutting depth of the cutting tool is determined by 
analysing the reference part, tool shape and a workpiece shape. 

3. A computer-implemented method as claimed in claim 2, wherein said 
predetermined value of the cutting depth of the cutting tool is equal to or less than a 


radius of the cutting tool. 

4. A computer-implemented method as claimed in claim 1, 2 or 3, wherein 
said boundary determining includes: 

where the selected portions of the slice have no initial boundary that is open 
to the air, generating an initial boundary in the selected portion of the workpiece. 

5. A computer-implemented method as claimed in claim 1, wherein said 
boundary determining includes: 

determining whether the cutting tool is able to access the boundary; and 
where the cutting tool is not able to access the workpiece, generating an 
initial boundary by opening an area in the selected portions of the slice. 

6. A computer-implemented method as claimed in claim 5, wherein said 
opening an area in the selected portion of the workpiece includes: 

moving down the cutting tool in a spline helical manner until the depth of the 
slice. 

7. A computer-implemented method as claimed in claim 1 , wherein said tool 
path generating comprises: 

determining a tool path by moving an initial boundary into the air by a radius 
of the cutting tool minus the cutting depth of the cutting tool buried in the workpiece. 

8. A computer-implemented method as claimed in claim 1, wherein said 
machining comprises: 

maintaining the cutting tool in a climb cutting condition as the cutting tool 
machines the selected portions of the workpiece to provide a constant tool load on the 


cutting tool. 

9. A computer-implemented method as claimed in claim 1 further 
comprising: 

ordering the cutting tool path to minimize a travelling distance of the cutting 
tool; and - - 

connecting the cutting tool path within said selected portions of the slice to 
complete the cutting tool path. 

10. A computer-implemented method as claimed in claim 9, wherein said 
connecting step includes: 

determining whether an initial boundary of the selected portions of the slice 
is a closed loop; and 

where the boundary is a closed loop, connecting a tool path generated based 
on the closed loop boundary to a next tool path by S motion. 

11. A computer-implemented method as claimed in claim 9, wherein said 
connecting step includes: 

accessing a starting end of an open loop tool path by a helical spline motion; 

and 

exiting an ending position of an open loop tool center line by a helical spline 
motion. 

12. A computer-implemented method as claimed in claim 1, wherein said 
machining step includes: 

providing directional changes of the cutting tool along substantially helical 


trajectories so as to minimize sudden directional changes. 

13. A computer-implemented method as claimed in claim 1, wherein the step 
of generating the cutting tool path creates the cutting tool path to maximize the 
engagement of the cutting tool with the workpiece. 

14. A computer-implemented method as claimed in claim 1, wherein the step 
of generating the cutting tool path creates the cutting tool path such that the cutting 
tool machines the workpiece, when possible, from outside of the workpiece. 

1 5. A computer-implemented method as claimed in claim 1 , wherein the step 
of generating the cutting tool path creates the cutting tool path such that the cutting 
tool enters a portion of the workpiece without a border with the outside environment 
along a substantially helical trajectory. 

16. A controller for controlling a cutting tool of a high speed cutting 
machine, comprising: 

a memory element for storing instructions for controlling the cutting tool and 
data regarding the workpiece required to control the cutting tool; and 

a processor operated by the instructions stored in the memory element for 
controlling signals for a tool path of the cutting tool, said processor including 

means for horizontally slicing the selected portion of the workpiece 
using the data regarding the workpiece stored in the memory, 

means for examining the data of a slice of the workpiece to determine 
an initial boundary of the selected portion of the slice, 

means for generating subsequent boundary data of the selected 


\ ; ■ . .... . -20- . •- ■ 

portions of the slice, said subsequent boundary data being determined by 
subtracting the cutting depth of the cutting tool buried in the workpiece from 
the previous boundary data, and 

means for generating signals for a tool path, the cutting tool path 

being positioned in the air remote from the boundaries depending on the 
radius of the cutting tool and a predetermined value of the cutting depth of the 
cutting tool. 

1 7. A controller as claimed in claim 16, wherein said predetermined value 
of the cutting depth of the cutting tool is determined by analysing the reference part, 
tool shape and a workpiece shape. 

18. A controller as claimed in claim 17, wherein said predetermined value 
of the cutting depth of the cutting tool is equal to or less than a radius of the cutting 
tool. 

19. A controller as claimed in claim 16, 17 or 18 further comprising means 
for generating an initial boundary in the selected portion of the workpiece for the 
cutting tool to access. 

20. A controller as claimed in claim 19 further comprising means for 
generating signal for moving down the cutting tool in a spline helical manner until 
the depth of the slice to open up an area for the cutting tool to access. 

2 1 . A controller as claimed in any of claims 16 to 20, wherein said tool path 
is determined by moving boundaries into the air by a radius of the cutting tool minus 
the length of the cutting tool buried in the workpiece. 


22. A controller as claimed in any of claims 1 6 to 2 1 , wherein said cutting 
tool maintains in a climb cutting condition as the cutting tool machines the selected 
portions of the workpiece to provide a constant tool load on the cutting tool. 

23. A controller as claimed in any of claims 16 to 22, wherein said processor 
further comprises: 

means for ordering the cutting tool path to minimize a travelling distance of 
the cutting tool; and 

means for connecting the cutting tool path within said selected portions of the 
slice to complete the cutting tool path. 

24. A controller as claimed in claim 23, wherein said tool path of a closed 
loop boundary is connected to a next tool path by S motion. 

25. A controller as claimed in claim 23, wherein said directional changes of 
the cutting tool is provided along substantially helical trajectories so as to minimize 
sudden directional changes and characterized by maximizing engagement of the 
cutting tool with the workpiece. 

26. A controller as claimed in claim 23, wherein said cutting tool accesses 
a starting end of an open loop tool path by a helical spline motion. 

27. A controller as claimed in claim 23, wherein said cutting tool exits an 
ending position of an open loop tool path by a helical spline motion. 

28. A controller as claimed in any of claims 16 to 27, wherein said cutting 
tool machines the workpiece, when possible, from outside of the workpiece. 

29. A controller as claimed in any of claims 16 to 28, wherein said cutting 


tool enters a portion of the workpiece without a border with the outside environment 
from the outside of the workpiece along a substantially helical trajectory. 

30. A controller as claimed in any of claims 1 6 to 29, wherein the cutting tool 
rotates at a rate higher than 60,000 rpm while machining the workpiece. 

31 . A CAM system having, a computer readable medium holding computer- 
executable instructions for controlling movement of a cutting tool of a high speed 
machine to machine a workpiece to create an object according to a method 
comprising the steps of 

generating a solid model of the workpiece and a solid model of the object, 
combining said solid model of the workpiece with said solid model of the 
object to create a numerical model depicting selected portions of the 
workpiece to be removed to create said object, and 

generating a tool path for the cutting tool to follow within said selected 
portions of the workpiece, said tool path being adapted to permit a rate of dissipation 
of heat generated by contact of the cutting tool with the workpiece sufficient to 
inhibit damage to the cutting tool or the workpiece. 

32. A computer-implemented method for machining selected portions of a 
workpiece by a cutting tool of a high speed cutting machine, substantially as 
hereinbefore described, with reference to the accompanying drawings. 

33. A controller for controlling a cutting tool of a high speed cutting 
machine, substantially as hereinbefore described, with reference to and as illustrated 
in the accompanying drawings. 
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